This article presents a lossless compression of volumetric medical images with the improved three-dimensional (3-D) set partitioning in hierarchical tree (SPIHT) algorithm that searches on asymmetric trees. The tree structure links wavelet coefficients produced by 3-D reversible integer wavelet transforms. Experiments show that the lossless compression with the improved 3-D SPIHT gives improvement about 42% on average over two-dimensional techniques and is superior to those of prior results of 3-D techniques. In addition, we can easily apply different numbers of decomposition between the transaxial and axial dimensions, which is a desirable function when the coding unit of a group of slices is limited in size.
D
IGITAL TECHNOLOGY HAS GIVEN a great advantage to the medical imaging area. Medical images, however, require huge amounts of memory, especially volumetric medical images, such as computed tomography (CT) and magnetic resonance (MR) images. Because of the limitations of storage and transmission bandwidth of the images, the main problem of the technology lies in how to compress a huge amount of visual data into a lowbit-rate stream, because the amount of medical image data would overwhelm the storage device without an efficient compression scheme.
Compression schemes can be generally classified into two types: lossless and lossy compression. Lossy compression usually provides much higher compression than lossless compression, because the reconstructed image is not exactly the same as the original image. Although lossy compression is generally acceptable for image browsing, lossless compression of medical image data has been required by doctors for accurate diagnosis and legal protection because it allows exact recovery of the original image.
Volumetric medical images are a three-dimensional (3-D) image data set and can be considered as a sequence of two-dimensional (2-D) images or slices. A simple way is to directly apply a 2-D compression algorithm to each slice independently. However, the slices are generally highly correlated with one another, so a transform is used to decorrelate the data and to improve performance of compression. Therefore, the 3-D-based approaches could provide better compression results. In a 3-D approach, contiguous groups of slices (GOS) are coded, and the small GOS sizes are desirable for random access to certain segments of slices.
The embedded zero-tree wavelet (EZW) 11 coding algorithm was introduced by Shapiro with excellent compression results. Later, Said and Pearlman proposed a more efficient coding algorithm using set partitioning in hierarchical tree (SPIHT) and applied it to both lossy 2 and lossless 3 compression of images. Kim and Pearlman 4 extended 2-D to 3-D for video, and Kim and Pearlman 5 utilized it for volume image compression.
In this article we use Kim and Pearlman's 5 lossless 3-D SPIHT with asymmetric tree structure. Our experiments demonstrate that the lossless compression of the asymmetric tree 3-D SPIHT (AT-SPIHT) algorithm outperforms the symmetric tree 3-D SPIHT algorithm. In addition, we show that the AT-SPIHT gives flexibility of choosing the GOS size and decomposition levels and gives excellent results for small GOS sizes.
MATERIALS AND METHODS

Asymmetric Tree Structure of 3-D SPIHT
In previous work, Kim and Pearlman 5 used the 3-D SPIHT compression kernel with the tree structure introduced in Kim et al. 6 This tree structure is just a simple extension of the symmetric 2-D SPIHT tree structure. Other researchers have proposed a more efficient tree structure. 7, 8 The 3-D SPIHT algorithm is one of the tree-based coders. Tree-based coders tend to give better performance when tree depth is long and the statistical distribution of magnitudes of wavelet coefficients is uneven between the intraslice and interslice directions. Therefore, the main idea of this tree structure is to make the trees longer, since that increases the probability of a coefficient value being zero as we move from root to leaves. To make that kind of tree, we can simply decompose into more levels and change the linkage of coefficients. We can not always decompose to more levels since there is a limitation according to the image size and GOS size. On the other hand, the asymmetric tree structure always gives a longer tree than that of the normal 3-D SPIHT. Figure 1 portrays the tree structures among the original 2-D tree structure after two-level spatial decompositions, the original 3-D tree structure after two-level wavelet packet decompositions, and the 3-D asymmetric tree structure after two-level wavelet packet decompositions. To form trees of 2-D SPIHT as shown in Figure 1a , groups of 2 · 2 coordinates were kept together in the lists. On the 3-D sub-band structure in Figure 1b , there are 3-D transaxial and axial trees and their parent-offspring relationships. To apply wavelet packet decomposition, the full axial decomposition precedes the transaxial decompositions, where the node divides in the additionally split sub-bands. The symmetric tree structure of 3-D SPIHT is a straightforward extension from the 2-D case to form a node in 3-D SPIHT as a block of eight adjacent pixels with two extending to each of the three dimensions, hence forming a node of 2 · 2 · 2 pixels. The asymmetric tree structure shown in Figure 1c in each coefficient frame is exactly the same as the 2-D SPIHT tree structure except that the top-left coefficient of each 2 · 2 group in the lowest transaxial sub-band of the LL t and LH t bands links to a group in another axial sub-band at the same transaxial subband location. Figure 2 shows another view of the asymmetric tree structure. In this figure, there are eight frames which are transformed in both the transaxial and axial domains in two levels. The new tree structure has 2 · 2 wavelet coefficients element in the axial root sub-band (LL t ) rather than 2 · 2 · 2 wavelet coefficients element.
In 2-D SPIHT, the top-left coefficient of each 2 · 2 group in the lowest sub-band is not part of any tree. On the other hand, the top-left coefficient of each 2 · 2 group in the lowest transaxial sub-band in the asymmetric tree structure is linked with the 2 · 2 offspring group in the same transaxial location of the following axial sub-band except the highest axial sub-band. This means that the three coefficients of the 2 · 2 group are linked with the 2 · 2 offspring group in the same coefficient frame, and one is linked in another frame. As we can see in Figure 2 , the top-left coefficient of each 2 · 2 group in the lowest transaxial sub-band of the axial LL t band has one 2 · 2 offspring group in the axial LH t band, and the top-left coefficient of each 2 · 2 offspring group in the lowest transaxial sub-band of the axial LH t band has two 2 · 2 offspring groups in the axial H t band. This means that the top-left coefficients in the LL t and the LH t band are linked with the coefficients which represent the same transaxial location in the following axial sub-band. Therefore, the topleft coefficient of each 2 · 2 offspring group in the lowest transaxial sub-band of the axial H t band does not have any offspring because there are no more axial sub-bands. In this manner, the first stage of the tree is constructed, as shown by the arrows in Figure 2 . To grow the tree further, each coefficient group is linked with each transaxial sub-band, the same as with original 2-D SPIHT. Therefore, each 2 · 2 coefficient group in the lowest transaxial sub-band of the axial LL t band has three 2 · 2 offspring groups in the axial LL t band and one 2 · 2 offspring group in the LH t band, and each 2 · 2 offspring group in the lowest transaxial subband of the axial LH t band has three 2 · 2 offspring groups in the axial LH t band and two in the H t band. Each 2 · 2 offspring group in the lowest transaxial sub-band of the axial H t band has three 2 · 2 offspring groups in the same axial H t band because it is the highest-frequency sub-band.
One potential advantage over the original symmetric tree structure is that it can be applied more easily to a different number of decompositions between the transaxial and axial dimensions because this tree structure is naturally unbalanced. This function is very useful when the frame size is big and axial decomposition levels are limited. In that case, we can decompose to more levels in the transaxial domain than in the axial domain. More transaxial decompositions usually produce noticeable coding gain. The tree structure of this different number of decompositions can be extended easily. For a higher number of axial decompositions, the tree structure can be also extended. Kim et al. 6 also used an unbalanced tree structure, but it was more difficult to apply.
Filter Implementation
We use the same set of filters as used in Kim and Pearlman's work. 5 In this work, S + P, I(2,2), and I(4,2) filters are used for constructing wavelet transforms to map integers to integers. In the following, we provide the equations of the filter sets: I(2,2) filter:
I(4,2) filter:
S + P filter:
where bAEc denotes downward truncation. In Kim and Pearlman's work, 5 the predictor parameters of the S + P filter, a = 3/16, b = 8/16, and c = 6/16, were selected to get better performance for medical images.
RESULTS
We test the symmetric tree 3-D SPIHT and the asymmetric tree 3-D SPIHT (AT-SPIHT) algorithms on the 8-bit CT and MR volumetric Table 1 shows the description of these images. The first slices of each data set are shown in Figure 3 .
We first compare the performance of lossless compression with GOS = 16 and 8 for three and two levels of decompositions, respectively, in both the axial and transaxial domains. Table 2 gives average lossless compression results in bits per pixel (bpp) using the symmetric tree 3-D SPIHT and the AT-SPIHT with different filters [S + P, I(2,2), I(4,2)]. To get the compression ratio in 8-bpp images, we can divide 8 by the compression rate (in bpp). For the I(4,2) filter, we apply the filter only to the transaxial domain and use a shorter filter [eg, I(2,2)] in the axial domain. AT-SPIHT gives a better performance than that of symmetric tree 3-D SPIHT except Carotid and Skull images when GOS = 16. We also provide the bit-rates of AT-SPIHT with larger GOS. To keep the threelevel decompositions, the symmetric tree structure 3-D SPIHT needs an even number of coefficient frames in the lowest axial sub-band to keep the 2 · 2 · 2 wavelet coefficients element in the band. However, the AT-SPIHT does not have this limitation because the tree structure uses a 2 · 2 wavelet coefficient element. This gives us flexibility in choosing the size of the GOS. For example, Aperts, Liver_t1, and Liver_t2 images have 48 slices. The symmetric tree structure 3-D SPIHT needs either 16 GOS or 48 GOS to have three-level decompositions in the axial domain. However, AT-SPIHT can use 16, 24, or 48 GOS with three-level axial decompositions, so that we can flexibly choose the GOS according to the system memory.
In addition to the flexibility of choosing GOS, we can also choose many different levels of decompositions in the transaxial domain. As mentioned in the previous section, we can easily apply different numbers of decompositions between the transaxial and axial domains to the AT-SPIHT. This feature is highly desirable when GOS size is limited. To show the performance of different numbers of decompositions, we kept the same number of axial decompositions (two levels for GOS = 8) and used more levels of transaxial decompositions. Table 3 shows the average bit-rates with different numbers of decompositions when GOS = 8. We can see that the coding performance is improved with more levels of decomposition in the transaxial domain, and beyond three or four levels of decomposition the improvement is very small. In the case of the Aperts image, for example, the AT-SPIHT with GOS = 8 is better than symmetric tree 3-D SPIHT with GOS = 16 for more than three levels of decomposition in the transaxial domain. For the other images, the bit rates of AT-SPIHT with GOS = 8 and higher levels of decomposition in the transaxial domain are comparable to those of the symmetric tree 3-D SPIHT with GOS = 16. This is an important feature of AT-SPIHT since the efficient compression of small GOS allows easier and finer random access to a small number of slices. Table 4 shows the comparisons of lossless compression performance with other compression algorithms. In this table, all 3-D compression techniques use three-level decompositions on the entire image volume. The reason for using the whole image volume as a GOS is to compare it with other results. 9, 10 We chose the I(4,2) filter for AT-SPIHT and 3-D SPIHT because this filter gives the best result among the three filters [S + P, I(2,2), I(4,2)]. The other 3-D compression techniques, such as 3-D EZW, 3-D CB-EZW, and Xiong's method, use the I(2 + 2,2) integer filter because this filter usually gives the best result with these compression 
DISCUSSION
We showed a lossless compression of volumetric medical images with the asymmetric tree 3-D SPIHT (AT-SPIHT) algorithm. We presented our results by an approach that leads to wavelet transforms that map integers to integers, which can be used for lossless and lossy coding. Because the SPIHT algorithm with integer filters is fully embedded, the decoder can stop the decoding process at any point of the bitstream and reconstruct the best-quality image at that bit rate. Furthermore, the AT-SPI-HT can be applied more easily to a different number of decompositions between the trans- axial and axial dimensions using the naturally unbalanced characteristic of the tree structure. For the different number of decompositions between the transaxial and axial dimensions, we can expect coding gain as we decompose to more levels. When we compare between twolevel and six-level decompositions in transaxial dimension of I(4,2) filter with GOS = 8, there is about 2.4% improvement with six-level decompositions.
For the effect of size of GOS on the performance of AT-SPIHT, a larger-size GOS gives better compression performance. When we compare GOS = 8 with the entire image volume, we can expect about an 11% improvement. With GOS >16, we get a 4.4% improvement, and with GOS >24, expect only a 1.6% improvement in the case of the I(4,2) filter. However, as the GOS becomes larger, a larger size of memory is required and random access to segments of slices in the bit stream becomes coarser.
We saw that the AT-SPIHT performs much better than the methods that use independent lossless coding of slices, because independent coding of slices does not exploit the inter slice dependencies. Numerical results show that the compressed bit rates for the AT-SPIHT yield improved results about 42% on average compared with 2-D techniques. The best results among the 2-D techniques were obtained with JPEG-LS, which is still 28% less efficient than AT-SPIHT on average. JPEG-LS is an international standard for lossless and near-lossless compression with a nonembedded code stream. These results suggest that the 3-D approach to compress the volumetric medical images should be used to exploit their interslice dependences.
CONCLUSION
In this article, we have implemented the asymmetric tree structure to the 3-D SPIHT algorithm for lossless compression of volumetric medical data. In addition to the improvement over the symmetric tree 3-D SPIHT in terms of bit rates, one of the nice benefits of using asymmetric tree structure is the flexibility of choosing the size of GOS and the number of decomposition levels because the number of decomposition levels in the transaxial domain is totally independent of the number of decomposition levels in the axial domain. Therefore, AT-SPIHT can be used when there are as few as two slices in a GOS. Our experiments showed that 3-D compression methods provide significantly higher compression compared with 2-D methods.
